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Onushko T, Hyngstrom A, Schmit BD. Hip proprioceptors preferentially modulate reflexes of the leg in human spinal cord injury. J Neurophysiol 110: 297-306, 2013 . First published April 24, 2013 doi:10.1152 /jn.00261.2012 .-Stretch-sensitive afferent feedback from hip muscles has been shown to trigger long-lasting, multijoint reflex responses in people with chronic spinal cord injury (SCI). These reflexes could have important implications for control of leg movements during functional activities, such as walking. Because the control of leg movement relies on reflex regulation at all joints of the limb, we sought to determine whether stretch of hip muscles modulates reflex activity at the knee and ankle and, conversely, whether knee and ankle stretch afferents affect hip-triggered reflexes. A custom-built servomotor apparatus was used to stretch the hip muscles in nine chronic SCI subjects by oscillating the legs about the hip joint bilaterally from 10°of extension to 40°flexion. To test whether stretch-related feedback from the knee or ankle would be affected by hip movement, patellar tendon percussions and Achilles tendon vibration were delivered when the hip was either extending or flexing. Surface electromyograms (EMGs) and joint torques were recorded from both legs. Patellar tendon percussions and Achilles tendon vibration both elicited reflex responses local to the knee or ankle, respectively, and did not influence reflex responses observed at the hip. Rather, the movement direction of the hip modulated the reflex responses local to the joint. The patellar tendon reflex amplitude was larger when the perturbation was delivered during hip extension compared with hip flexion. The response to Achilles vibration was modulated by hip movement, with an increased tonic component during hip flexion compared with extension. These results demonstrate that hip-mediated sensory signals modulate activity in distal muscles of the leg and appear to play a unique role in modulation of spastic muscle activity throughout the leg in SCI.
spinal cord injury; reflexes; spasticity IN INDIVIDUALS with spinal cord injury (SCI), stretch-sensitive afferents of the hip flexors produce uncontrolled muscle activity throughout the lower extremities (Schmit and Benz 2002) . Clinically, involuntary bilateral leg extension is often seen when SCI patients shift from a sitting to a supine position (Little et al. 1989; Macht and Kuhn 1948) , with responses lasting for tens of seconds (Benz et al. 2005) . In addition to hip afferent cues, knee (Wu et al. 2005 ) and ankle (Wu and Schmit 2006) afferents have also been shown to trigger similar multijoint reflexes. However, hip extension appears to be an especially important condition to trigger spasms, with knee and ankle afferents only slightly increasing excitation of the multijoint spastic reflex responses (Wu et al. 2005; Wu and Schmit 2006) . Hip proprioceptive afferents appear to provide the primary sensory signal for modulating reflex excitability of the lower extremities in people with SCI.
Spastic reflex activity in individuals with SCI has been traditionally classified under the general term of spasticity. Spasticity is often characterized as velocity-dependent, hyperexcitable stretch reflexes (Lance 1980) . However, spastic reflexes also manifest as flexor or extensor spasms (Benz et al. 2005 ) involving more than hyperexcitable reflexes from stretch of a single joint. Especially in subjects with SCI, single-joint motion can trigger multijoint responses within the lower extremities, including muscles not being stretched (Onushko and Schmit 2007; Schmit et al. 2000; Schmit and Benz 2002; Steldt and Schmit 2004) . Extensor spasms develop more frequently than flexor spasms, with a prevalence of ϳ87% of individuals with chronic SCI (Barolat and Maiman 1987; Little et al. 1989) . Extensor spasms can be debilitating to individuals by interfering with transfers and sleep or causing pain (Little et al. 1989; Sjölund 2002) . Even though these multijoint reflexes have been shown to originate from several afferent cues, the neural mechanisms associated with controlling these reflexes are not yet fully understood.
Hip-triggered spastic reflexes have been loosely associated with neural networks responsible for the regulation of muscle activity during walking. Afferent feedback from changes in hip position operates through spinal reflex pathways to regulate muscle activity throughout the leg in a functionally appropriate manner in both human and animal models (Andersson and Grillner 1983; Dietz et al. 2002; Grillner and Rossignol 1978a; Knikou and Rymer 2002) . In the decerebrate cat, for example, stretch-sensitive hip afferents are important for initiating limb flexion during the swing phase of gait (Hiebert et al. 1996) . Additionally, stretch-related input from the knee and ankle are integrated with hip afferent feedback to properly regulate actions of the limb during stepping. For example, loading and preventing swing of the stepping limb during treadmill walking will prolong the stance phase in the contralateral limb (Yang et al. 1998) . After SCI in humans, however, stretching hip flexor muscles can produce inappropriate facilitation of knee extension and ankle plantarflexion (Schmit and Benz 2002) , both of which can be debilitating during functional movements. Because of their importance in walking and the associated disinhibition of reflexes after SCI, hip proprioceptors might play a unique role in the expression of multijoint reflexes in human SCI.
Although stretch-related input from the hip triggers multijoint responses in people with SCI (Onushko and Schmit 2007; Schmit and Benz 2002) , it is unclear how hip movement modulates stretch reflexes of the ankle and knee. Therefore, the purpose of the present study was to investigate the effects of stretch-related sensory inputs from the hips on knee and ankle stretch reflexes and, conversely, to identify the effects of knee and ankle stretch feedback on ongoing hip-triggered reflexes. Patellar tendon percussion and vibration of the Achilles tendon, which have been shown to strongly activate primary muscle spindle group Ia afferents (Burke et al. 1976; Roll et al. 1989) , were applied at specific phases of imposed hip oscillations in SCI subjects. Joint torques and electromyograms (EMGs) were compared across conditions. We hypothesized that joint torque and EMG reflex amplitude and timing would depend predominantly on hip afferent input in people with SCI. Part of these findings have been reported in abstract form (Onushko et al. 2011) .
METHODS
Study participants. Nine subjects with chronic SCI (mean Ϯ SD age 43.1 Ϯ 9.3 yr; all men) participated in this study. Eight SCI participants were classified as having incomplete injuries [American Spinal Cord Injury Association (ASIA) Impairment Scale (AIS) B, C, or D] with a cervical lesion level (Table 1) . One subject (S7) was classified with a complete injury (AIS A) at thoracic lesion level. This subject's data were excluded from the group analysis since he did not present with spasms in the lower extremities. At the time of this study, two of the nine subjects were taking antispastic medication (baclofen) to reduce the frequency and intensity of their spasms, and two of the nine subjects were community ambulators (S2 and S9). The clinical features of each subject are described in Table 1 . Additionally, the modified Ashworth scale [an ordinal scale from 0, no increased tone, to 4, increased tone where passive range of motion is difficult (Bohannon and Smith 1987) ] was used to quantify the severity of spasticity (see Table 2 ). Control data were also collected from eight subjects (mean Ϯ SD age 25.6 Ϯ 2.9 yr; 6 men, 2 women) with no reported neurological condition (NI). Exclusion criteria for this study included significant medical complications due to skin breakdown, urinary tract infection, other secondary infections, respiratory failure, heterotopic calcification, or other concurrent illnesses limiting the capacity to conform to study requirements; self-reported, significant osteoporosis; or the inability to give informed consent. Informed consent was obtained prior to study participation, and all procedures were conducted in accordance with the Helsinki Declaration of 1975 and approved by the Institutional Review Board of Marquette University.
Experimental setup. Subjects were supine on a therapy plinth with their legs supported in custom-built leg braces. The custombuilt leg braces were adjustable to accommodate a wide range of leg lengths. The legs were supported by a strap securing the thigh, a strap securing the heel, and a clamp over the dorsum of the foot to secure the foot to the plate at the end of the leg brace. The knee and ankle joints were held stationary for these tests since extensor spasms can be triggered through stretching of hip musculature (Schmit and Benz 2002) . The leg braces were attached to two servomotor drive systems (Kollmorgen, Northhampton, MA) that were used to impose bilateral hip oscillations (Fig. 1A) . Customdeveloped LabVIEW programs (National Instruments, Austin, TX) and a data acquisition card (National Instruments) on a PC were used to control the servomotor drive systems. The system was equipped with reaction torque transducers (S. Himmelstein, Hoffman Estates, IL) that aligned with the hip, knee, and ankle anatomical joint axes of rotation for each leg. Hip angle was measured with optical encoders (US Digital, Vancouver, WA) that were affixed to the respective motor shafts.
Patellar tendon reflexes were elicited with a motorized reflex hammer (see Fig. 1A ). The motorized hammer consisted of a LinMot P series linear motor (P01-23x160/70x70) powered by a LinMot E1010 amplifier (LinMot, Delavan, WI). The linear motor was mounted on the leg brace for the right leg. A small rubber tip (12-mm diameter) was screwed into the end of the motor shaft. After the knee was palpated to locate the tendon, the rubber tip was placed ϳ5 cm from the patellar tendon with an impact angle at ϳ90°to generate ϳ20-N peak force. Additionally, a rubber pad (28 ϫ 31 mm) was taped to the subject's tendon to evenly distribute the force from the motorized reflex hammer to the tendon. A custom-written LabVIEW program was used to control the velocity (5-V biphasic square wave) of the linear motor. Displacement of the motor shaft during tendon tap perturbations was measured with a linear variable differential transformer (LVDT; Accusens Series 2000 DC-EC, Measurement Specialists, Hampton, VA) coupled to the linear motor shaft.
A custom-made vibration system was used to apply 80-Hz vibration to the subject's Achilles tendon. Vibration at 80 Hz was chosen since it has been shown that this frequency results in a high spindle response rate (Roll et al. 1989) . A small DC motor (Faulhaber Minimotor, Schönaich, Germany) was used to rotate two eccentric weights (6 g) that attached to the motor's shaft (1 weight on each end of the motor) to produce the vibration (ϳ10-N peak force). The motor and weights were encased within a plastic tube, which was securely strapped onto the subject's right ankle (Fig. 1A) . A custom-written LabVIEW program was used to send a 5-V step input to control the motor velocity (4,800 rpm).
Surface EMGs were collected from six muscles on each leg: rectus femoris (RF), vastus medialis (VM), vastus lateralis (VL), medial hamstrings (MH) (likely including both semimembranosus and semitendinosus muscles), medial gastrocnemius (MG), and tibialis anterior (TA). Disposable, pregelled Ag/AgCl recording electrodes (Vermed, Bellows Falls, VT) were attached to the muscle belly of 
Only right leg scores are given. na, Not assessed; *Subject S7 was not able to voluntarily assist the movement of the robot, but for consistency of verbal commands we chose to follow the same protocol with this subject. This subject's data were excluded from the analyses.
each muscle in a bipolar arrangement. Prior to electrode placement, the skin was cleaned and lightly abraded with a gauze pad doused with alcohol. EMG signals were amplified (ϫ1,000) and band-pass filtered (10 -1,000 Hz; Bortec Biomedical, Calgary, AB, Canada) prior to data collection.
Experimental protocol. Subjects' legs were oscillated in an alternating manner (i.e., 180°out of phase) over a 50°range of motion (from 40°of hip flexion to 10°hip extension) for 10 continuous cycles at 0.5 Hz. The knee and ankle joints were held stationary within the leg braces (knee: 45°flexion, where 0°corresponds to full knee extension; ankle: 10°plantarflexion, where 0°corresponds to the neutral position of the foot). To test the effects of stretch-related sensory feedback from the knee or ankle on hip-triggered reflexes, one of two perturbations was applied during different phases of the hip oscillations (see Fig. 1B ): 1) patellar tendon tapping during movement of the right leg into hip extension (tap-ext) or hip flexion (tap-flx) or 2) 80-Hz vibration of the Achilles tendon during movement of the right leg into hip extension (vibe-ext) or hip flexion (vibe-flx). For the tendon tap condition, two tendon perturbations (2 Hz, 25-ms pulse duration) were applied during hip flexion or hip extension. For the vibration condition, Achilles tendon vibration was applied continuously (1 s) during hip flexion or hip extension (see Fig. 1B ). A control condition was also performed in which no perturbation was applied during the hip oscillations. Additionally, subjects were asked to either assist the imposed hip oscillations (assisted) or to remain relaxed during the hip oscillations (passive) to test the effects of remaining descending drive on reflex activity. Each condition was presented in a random order and repeated three times with a block design (total of 30 tests). Torque and EMG were recorded throughout the duration of the hip movements. Control subjects performed the same tests.
At the end of the experiment, two additional hip oscillation tests were performed to estimate the torque due to gravity, passive joint resistance, and inertial properties of the participant's legs (for details see Onushko and Schmit 2007) . The legs were moved slowly through the 50°range at 2°/s in 5°increments, pausing for 5 s between each increment, to measure the combined torque contribution from gravity and passive joint resistance. Then, inertia was estimated from measurements during which each leg was quickly oscillated (1.5 Hz) within a midrange of the hip (25°to 10°hip flexion) to minimize the potential for eliciting reflexes in SCI subjects during the test.
Data analysis. The estimated biomechanical properties of the leg and leg brace were used to correct the measured hip, knee, and ankle joint torque with a method described previously (Onushko and Schmit 2007) . Briefly, all recorded torque data were low-pass filtered (8 Hz) with a 2nd-order Butterworth filter (filtered forward and backward). The torque due to gravity and passive resistance were estimated by fitting a 3rd-order polynomial curve to the torque measurements made during the slow, incremental hip movements. The polynomial coefficients were then used to calculate the gravitational and passive resistance torques from the measured data. The inertial properties of the leg and leg brace were calculated by subtracting the gravitational and passive resistance torque and then estimating the inertial constant of the leg and leg brace by linear regression analysis. The mechanical artifact within the system (approximately Ͻ5 Nm) was estimated with an ensemble average of torque measurements recorded from neurologically healthy subjects during passive oscillations. The torque produced by active muscle contraction was calculated by subtracting the gravitational/passive torque, inertial torque, and artifact from the measured trial torque data and was used for all subsequent analyses.
The peak torque was used to determine the overall amplitude of the response to the hip oscillations. The peak flexion and extension torques for the hip, knee, and ankle of the right leg were found for each cycle of hip movement. For knee extension torque during trials with patellar tendon taps, the reflex torque response from patellar tendon taps was excluded from the peak torque analysis. The mean peak flexion and extension torques for each joint were calculated for each cycle (i.e., 1-9) across subjects. The peak torque at each joint (hip, knee, or ankle) for each subject was normalized to the grand mean of that subject's torque data across test conditions (e.g., the peak hip torque was normalized to the average peak hip torque for the 10 test conditions ϫ 3 trials) to make comparisons across subjects. During the progression of the study, the hip and knee joint from subject S3 became misaligned with the torque transducers in the apparatus. This was determined from visual inspection between trials. Torque data from subject S3 were excluded from group analysis.
Surface EMG signals from the right leg of SCI subjects were analyzed to obtain the level of muscle activity during the experimental procedures. All surface EMG recordings were band-stop filtered to remove electric power line noise (59 -61 Hz) and artifact from the 80-Hz vibration (79 -81 Hz plus harmonics) and band-pass filtered (20 -300 Hz) with 4th-order Butterworth filters (filtered forward and backward). The root mean square (RMS) of the EMG data was then calculated with a 100-ms moving window. At the end of the hip movements the leg remained in full flexion, providing continuous afferent feedback to spinal neurons from hip extensors. Since we were interested in responses during dynamic hip movements, the last cycle was excluded from analysis. Muscle activation was quantified by calculating the mean integrated area of the RMS EMG signal for every cycle for which the muscle was active, across all three trials (total average of 27 cycles). During trials with patellar tendon taps, the peak-to-peak (p-p) amplitude, measured as the difference between the largest positive and negative peaks, was calculated with a customwritten MATLAB program on nonrectified RF and VM reflex responses and then averaged across subjects. The RF and VM data from each subject were inspected by eye to ensure that reflex responses were included and artifact was excluded from the analysis. For all EMG measurements, the data for each muscle, for each subject, were normalized to the mean of that subject's entire EMG data based on all experimental conditions. Statistical analysis. A mixed-model repeated-measures analysis of variance (ANOVA) was used to compare test condition (vibe-ext, tap-ext, vibe-flx, tap-flx, and control), effort (assisted or passive), and subject (SCI or NI) on peak torques. Peak flexion and extension torque for the hip, knee, and ankle were statistically analyzed separately to compare test condition (vibe-ext, tap-ext, vibe-flx, tap-flx, and control), effort (assisted or passive), and subject (SCI or NI). A similar Fig. 1 . A: experimental apparatus used to impose bilateral hip oscillations and record sagittal plane torques during hip movements. A linear motor was aligned with the patellar tendon, and a small motor was strapped around the subject's ankle to vibrate the Achilles tendon. The knee was braced with padding to minimize leg movement relative to the linear motor. B: patellar tendon tapping (top) and Achilles tendon vibration (bottom) perturbations were applied every half-cycle of hip motion [i.e., either when the hip was flexing (left) or extending (right)]. Only the first 3 cycles are depicted.
analysis was done on the EMG measurements. A mixed-model repeated-measures ANOVA was also used to determine differences within the average area per cycle of the RMS of MH and MG EMGs for test condition (vibe-ext, tap-ext, vibe-flx, tap-flx, and control), effort (assisted or passive), and subject (SCI or NI). The p-p reflex amplitude of the RF and VM EMG during patellar tendon tapping trials was compared with a mixed-model ANOVA. The responses to the first and second tendon taps of each two-tap series per cycle were compared for the RF and VM [main factors: tap number, hip phase (flexion or extension), and effort (assisted or passive); subject (SCI or NI) was the between-subject factor]. For all post hoc comparisons, the Bonferroni correction method was used for pairwise comparisons among test conditions. The significance level was set at ␣ ϭ 0.05 for all statistical tests.
RESULTS
Hip movement modulates patellar tendon reflexes. Movement of the hip affected the p-p RF and VM EMG reflex responses to patellar tendon taps. Figure 2 illustrates the average p-p VM and RF reflex amplitudes from all subjects for tap-ext and tap-flx. Patellar tendon percussions applied during hip extension resulted in a significantly larger p-p VM reflex amplitude compared with the p-p reflex amplitude during hip flexion (hip phase main effect, P ϭ 0.036). The RF reflex showed a greater change in amplitude from the first to the second tap when they were applied during hip extension compared with hip flexion (tap number ϫ hip phase interaction, P ϭ 0.049). Additionally, in all conditions the p-p reflex amplitudes from the second tap were larger compared with the first tap in both SCI and NI subjects for RF and VM muscles (tap number main effect: RF, P ϭ 0.008; VM, P ϭ 0.001). There were no significant differences in peak reflex amplitude between SCI and NI subjects (subject main effect: RF, P ϭ 0.298; VM, P ϭ 0.673) or between passive and assisted conditions (effort main effect: RF, P ϭ 0.317; VM, P ϭ 0.260).
In contrast to the modulation of tendon tap reflexes by hip movement, patellar tendon percussions during movement of the hip had limited effects on the hip-triggered reflexes. Patellar tendon tap effects were limited to increased knee extension torque, with no changes in hip and ankle torque. (Note that the analysis for knee torque excluded the tendon tap torque and thus reflected the underlying knee torque and not the reflex response to the tendon taps.) Figure 3 illustrates the difference in peak knee extension and flexion torque for SCI and NI subjects during the tendon tap and control (hip oscillation, no tendon taps) conditions. For peak knee extension torque, the passive and assisted conditions were significantly different between SCI and NI subjects (effort ϫ subject interaction: P ϭ 0.002). NI subjects would be expected to increase torque to a greater extent than SCI subjects during the assisted condition. Peak knee extension torque in SCI subjects was greater when patellar tendon percussions were applied as the hip extended compared with the other conditions (test condition, post hoc: P Ͻ 0.05 for all pairwise comparisons). This observation occurred for assisted and passive hip oscillations. In contrast, the NI group showed lower peak knee extension torque for the tap-ext and tap-flx conditions compared with the control condition for only the assisted hip movements. Passive hip movements in NI subjects resulted in increased peak knee extension torque. Peak knee flexion torque amplitude showed little change among the test conditions (test condition main effect:
Hip movement modulates tonic vibration reflexes at the ankle. Vibration of the MG muscle resulted in a tonic vibration reflex (TVR) in six of eight SCI subjects and one of eight NI subjects. The TVR responses differed depending on when the vibration was applied during hip motion. Figure 4A shows MG and TA EMG responses from one SCI subject (S3) during a passive trial (i.e., subject was not assisting the movements) with vibration applied during movement of the leg into hip flexion (vibe-flx) and into hip extension (vibe-ext). Vibration applied during hip extension movements resulted in a different MG EMG TVR response compared with vibration during hip flexion. When the vibration was applied during hip extension, an initial burst was seen at the beginning of the cycle, and then the response rapidly decayed as the hip movement continued to full extension (see Fig. 4A , vibe-ext condition). Vibration applied during hip flexion resulted in prolonged MG EMG activity. TA EMG followed a trend similar to that of the MG EMG but was smaller in magnitude. Since only one control subject had a TVR in response to tendon vibration, NI data were excluded from this analysis. In the SCI subject data, the average MG EMG area was significantly greater when the vibration was applied during flexion of the hip oscillations compared with the extension portion and control conditions (test condition post hoc: vibe-flx vs. vibe-ext, P ϭ 0.004; vibe-flx vs. control, P ϭ 0.003; Fig. 4B ). The average TA EMG (vibe-flx ϭ 0.004 Ϯ 0.004, vibe-ext ϭ 0.018 Ϯ 0.02, and control ϭ 0.003 Ϯ 0.003) was not different among the conditions (P ϭ 0.06). Additionally, when SCI subjects assisted the movements, the average MG response was greater than the passive condition (effort main effect: P ϭ 0.008) but not the TA response (effort main effect: P ϭ 0.112).
Achilles tendon vibration affected peak ankle plantarflexion torque in SCI subjects. Peak ankle plantarflexion torque amplitudes were significantly greater for the vibration trials compared with the control condition (test condition post hoc: vibe-ext vs. control, P Ͻ 0.001; vibe-flx vs. control, P ϭ 0.001) but not compared with the tendon tapping conditions (test condition post hoc: vibe-ext vs. tap-ext, vibe-ext vs. tap-flx, vibe-flx vs. tap-flx, and vibe-flx vs. tap-ext, P Ͼ 0.05). Additionally, the peak amplitude for the ankle was greater during the active trials compared with the passive trials across all test conditions (effort main effect: P ϭ 0.029). Peak ankle dorsiflexion torque amplitudes did not differ among the test conditions (test condition main effect: P ϭ 0.638) or effort (effort main effect: P ϭ 0.125).
Stretch-related sensory feedback from knee and ankle do not modulate hip responses. Neither vibration, tendon tapping, nor the phase of the stimulus (i.e., flexion or extension) significantly altered the peak hip extension or peak hip flexion torque elicited by the hip oscillation (test condition main effect: peak hip extension P ϭ 0.509, peak hip flexion P ϭ 0.575; subject ϫ test condition interaction: peak hip extension torque P ϭ 0.785, peak hip flexion torque P ϭ 0.199). Figure 5A provides example hip torque data from an SCI subject (S6) and a NI subject for each test condition. Hip torque amplitudes differed between NI and SCI subjects (effort ϫ subject interaction: P Ͻ 0.001 for both peak hip extension and flexion torque; see Fig.  5B ). Passively moving the legs of SCI subjects produced greater hip flexion and extension torque compared with passive hip oscillation in NI subjects. Furthermore, consistent with previous work (Onushko et al. 2011 ), the timing of the peak torque remained similar between assisted and passive hip oscillations in SCI subjects (Fig. 5A) .
Vibration and patellar tendon percussion did not significantly affect MH muscle activity (test condition main effect: P ϭ 0.214; Fig. 6 ). Within the SCI group, however, average MH EMG activity was greater when tendon tapping or vibration was applied during the hip flexion condition (tap: 1.17 Ϯ 0.54; vibe: 1.32 Ϯ 0.56) compared with the hip extension (tap: 0.7 Ϯ 0.66; vibe: 0.93 Ϯ 0.46) and control (0.88 Ϯ 0.43) conditions. As with the hip torque data, MH EMG activity was also greater during the passive trials in the SCI group compared with the NI group, and the NI MH EMG was greater for the active condition compared with passive trials (effort ϫ subject interaction: P ϭ 0.004).
DISCUSSION
In summary, the results from this study demonstrate that hip sensory signals play a dominant role in the reflex control of leg muscle activity in people with SCI. Hip sensory cues modulated stretch reflex responses at both the ankle and knee. The RF and VM reflex responses to patellar tendon taps were greater during hip extension compared with hip flexion. Moreover, tendon vibratory responses in the ankle were dependent on hip movement in a majority of SCI subjects. In particular, applying the vibratory stimulus when the hip was flexing increased the MG EMG activity to a greater extent than when vibration was applied during hip extension. In SCI subjects, the predominance of hip afferents as a driving signal for the control of the leg was also supported by the lack of a modulatory effect of the knee or ankle stimuli on the multijoint reflex responses produced by hip movement. While the hip modulated the reflexes at the knee and ankle, the opposite did not occur; there was minimal effect of patellar tendon taps and Achilles vibration on hip-triggered reflexes.
Hip afferent feedback and reflex modulation. A number of animal (primarily cat) and human studies have documented heteronymous connections from stretch-sensitive (Ia) afferents of the hindlimb/leg that could coordinate responses to sensory cues, such as the hip-triggered reflex observed in the present study. Electrophysiological studies in the cat demonstrate that Ia afferent feedback has excitatory inputs onto synergistic motoneurons of muscles crossing the same joint (Eccles et al. 1957) , with additional connections to other joints (Eccles and Lundberg 1958; Perret and Cabelguen 1980) . These Ia connections might help to establish functional groupings of muscles (e.g., flexors and extensors) to simplify control of movements such as walking. During fictive locomotion in the cat, common reflex pathways to extensor muscle groups (Angel et al. 1996 (Angel et al. , 2005 and flexor muscle groups (Quevedo et al. 2000) appear to organize these muscles for the task of walking (Markin et al. 2012 ; Rybak et al. 2006 ). In human experiments using poststimulus time histograms, broad excitatory heteronymous Ia connections have been documented (Chaix et al. 1997; Meunier et al. 1993) , with particularly strong linkages between ankle plantarflexors and quadriceps (Meunier et al. 1990; Pierrot-Deseilligny et al. 1981) . Although hip movements produced organized patterns of muscle activity in the present study, the responses to patellar tendon taps and Achilles vibration during the hip movements were largely autonomous. This suggests that neural networks that drive the activity of specific muscle groups in response to hip movement are not driven by knee and ankle afferents in the same way.
Biarticular muscles crossing the hip and knee could have a substantial contribution to the organization of the hip-triggered responses. Anatomically, stretch reflexes of the RF create simultaneous hip flexion and knee extension moments during imposed hip extension movement. In addition, there is a weak excitatory Ia connection between the biarticular RF muscle and the monoarticular vasti, in addition to the strong excitatory connection between vasti in cats (Wilmink and Nichols 2003) . In the present study, SCI subjects had greater excitation of the RF and VM during the tap-ext condition, corresponding to when the RF was being stretched. Increased activation of both the RF and VM were associated with hip extension. The increased RF activation must be interpreted with some caution, as RF EMG is prone to cross talk from the vasti (Byrne et al. 2005; Nene et al. 2004 ). Although we cannot conclude from our results that an excitatory connection between the quadriceps muscles influenced the tendon tap responses, stretch of the RF could have contributed to the increased tendon tap response during hip extension. Similarly, stretch reflexes of the hamstrings during hip flexion could create hip extension and knee flexion moments, although the heads of the hamstrings have differing functions (English et al. 1981) . Thus the observed hip flexion/knee extension and hip extension/knee flexion coupling could be attributed to biarticular muscles and their synergists. This coupling cannot account, however, for hip-triggered responses in the ankle or hip modulation of the response to vibration of the Achilles tendon.
Applying vibration at the Achilles tendon elicited a phasic, followed by a tonic, vibratory response in ankle plantarflexor muscles in most SCI subjects. Vibration applied to muscle or tendon strongly activates Ia afferent firing of the homonymous muscle Burke et al. 1976; Roll et al. 1989 ). The observed responses in the present study are similar to those reported by Dimitrijevic and colleagues (1977) . In SCI, the tonic component of the vibration reflex depends on input from segmental interneurons or supraspinal pathways, since voluntary activation of the muscle during vibration can abolish the reflex, while the initial burst depends on motoneuronal excitability (Dimitrijevic et al. 1977) . In the present study, we did not find a significant effect of hip movement on the phasic component. Note that we anticipated that the phasic component might be larger during the extension movement of the hip, since soleus H reflexes are facilitated by hip extension and inhibited by hip flexion (Knikou et al. 2006 (Knikou et al. , 2007 . The absence of a discernible effect on the phasic component might be attributed to subject variability and sample size; in addition, the effect might have been muted by the opposite effects of hip movement on the tonic reflex. The tonic component of the muscle activation from the vibratory response was greater during hip flexion than during hip extension in the present study. The hip effect on the tonic component of the vibratory reflex suggests that segmental organization of the hip-triggered multijoint reflex differs from the direct effects on motoneurons at the ankle.
After cerebral or spinal lesions, there is impaired modulation of spinal inhibitory pathways. Several studies have reported that people with spasticity have altered reciprocal inhibition (Crone et al. 1994 (Crone et al. , 2003 Xia and Rymer 2005) . In normal control of movement, reciprocal Ia inhibition from agonist muscles inhibits activity in the antagonists at the onset of and during movements (Crone et al. 1987; Tanaka 1974; Yanagisawa and Tanaka 1978) , but in spastic patients the inhibitory transmission is decreased, even resulting in facilitation of the antagonist muscle (Crone et al. 1994 (Crone et al. , 2003 Xia and Rymer 2005) . Achilles tendon vibration caused an increase in coactivation for both the MG and the TA EMG, which is consistent with previous findings of reciprocal excitation reported in spastic patients (Crone et al. 2003) . For the vibratory stimulus, it is possible that the plantarflexors were not selectively activated, since the stimulus used in the present study was robust and it is difficult to isolate vibration to specific muscle groups (Duysens et al. 2008) . The hamstrings activity observed in the present study showed a similar behavior. Patellar tendon taps applied during stretch of the hamstrings muscles (tap-flx) compared with the other conditions (tap-ext and control) resulted in greater MH EMG activity in active and passive movements in SCI subjects. Our observations were generally consistent with a loss of reciprocal inhibition, and they support the notion of reciprocal excitation in people with SCI.
Influence of descending drive on reflex modulation. The partial loss of descending drive to spinal systems likely influenced the reflexes observed in the present study. Reflex excitability is largely modulated by supraspinal influences through inhibitory pathways (Capaday and Stein 1986; Gottlieb and Agarwal 1980) . After neurological injury, the modulation of reflex excitability that contributes to movement control in people with spasticity is reduced (Crone et al. 2003; Morita et al. 2001) and there is an increased excitability of spinal systems at rest (Katz and Rymer 1989) . This increased spinal excitability is manifested as robust, coordinated responses to passive movements at a single joint (Schmit et al. 2000; Schmit and Benz 2002; Wu et al. 2005) or at multiple joints (Onushko Fig. 5 . A: average hip torque data from 1 SCI subject (S6) and 1 NI subject representing torque responses across all test conditions during the assisted hip movements. The hip torque traces depicted were averaged per cycle across the 3 trials for each test condition. Shaded region represents flexion torque, and nonshaded region represents extension torque. B: interaction between effort and subject. SCI subjects showed higher peak torque amplitude during passive hip oscillations but lower amplitudes when assisting the hip movements (effort ϫ subject interaction: hip extension and flexion, P Ͻ 0.001). Error bars indicate SE. Fig. 6 . Normalized medial hamstrings (MH) EMG for SCI subjects during assisted and passive hip movements. There were no significant differences between the conditions; however, the MH EMG during the assisted conditions was greater than during the passive conditions. Wu and Schmit 2006) . Even when SCI patients voluntarily move, reflex feedback tends to influence muscle activity, which can result in coactivation of agonist and antagonist muscles as well as multijoint responses (Maegele et al. 2002) . The addition of voluntary effort to imposed bilateral hip movements in SCI subjects produces patterns of muscle activity that are similar to multijoint reflex patterns, suggesting that leg coordination is determined largely by spinal networks (Onushko et al. 2010) . The general trend of a high response at rest and limited response to volitional drive for SCI subjects was observed in the present study (Fig. 3 and Fig. 5) . Similarly, vibration of the Achilles tendon produced a response in most SCI subjects but only one NI subject. Some differences between SCI and NI tendon tap reflexes were observed; however, knee extension torque in SCI subjects was greatest during the tap-ext condition, while NI subjects did not demonstrate the same effect. It appears that supraspinal systems provide more than simply an inhibitory effect on the reflexes of the legs. The effects of spinal injury on the reflex patterns were also likely to be muted, as five of the subjects were AIS D, with substantially intact spinal tracts. Thus most subjects likely retained some effect of descending drive.
Organization of multijoint reflexes and locomotor pathways. Sensory feedback from limb load might have contributed to the responses observed in the present study, especially for "assisted" conditions, when force production in the muscles was highest. Afferent input from ankle load receptors provides important sensory feedback for initiating the transition from stance to swing in spinal cats (Conway et al. 1987; Grillner and Rossignol 1978a) . Keeping the limb loaded while walking prolongs the stance phase and delays swing initiation (Conway et al. 1987; Duysens and Pearson 1980; Whelan et al. 1995) . In human SCI, limb loading and hip position appear to be a necessary combination for generating EMG patterns that resemble normal walking (Dietz et al. 2002; Harkema et al. 1997) . Further, Wu and Schmit (2006) have demonstrated that eliminating ankle dorsiflexion torque after unilateral hip extension enhances hip flexion in SCI subjects, which is analogous to limb unloading during the stance phase of gait. Similarly, loading the ankle during the stance phase augments hip extension during body weight-supported treadmill stepping in SCI (Gordon et al. 2009 ). In the present study, plantarflexor activity was increased to a greater extent during hip flexion than during hip extension during the vibration trials. One explanation could be differences in the type of afferent feedback information. During treadmill walking, loading of the limb generates Ib input from the Golgi tendon organs, which is a strong modulator of hip flexor activity (Conway et al. 1987; Guertin et al. 1995) and provides excitatory feedback to limb extensors in cats (Appenteng and Prochazka 1984; Prochazka et al. 1997) . In the present study, active contraction of the leg muscles would be expected to produce load afferent feedback, especially from the ankle plantarflexors, but could vary for the hip flexors and hip extensors. However, the general similarity in the pattern of muscle activity between the assisted and passive conditions suggests that this force feedback had little impact or was more strongly dependent on hip position feedback.
The effect of ankle vibration on force feedback is also likely to be minimal. Vibration applied to muscle or tendon strongly activates Ia afferents Burke et al. 1976; Fallon and Macefield 2007; Roll et al. 1989 ), while muscle spindle secondary endings (II fibers) and Golgi tendon organs (Ib fibers) respond weakly or not at all in a relaxed muscle (Fallon and Macefield 2007; Roll and Vedel 1982) . Under circumstances in which a TVR is elicited it is thought to be due to Ia activity (Burke et al. 1976) , and even with small amplitude vibratory stimuli group Ia and II fibers produce a much larger response than Ib afferents (Fallon and Macefield 2007) . In the present study, no statistical differences were observed at the hip or knee joints during the ankle vibration, and vibration during hip flexion (vibe-flx) only slightly increased MH EMG activity. Thus the vibration had little influence on the overall reflex pattern produced by hip movement.
An interesting result of the present study was that plantarflexor activity was greater during hip flexion compared with hip extension during the vibration trials. In particular, the late response in MG EMG to vibration was greater in the vibe-flx condition compared with the vibe-ext condition (Fig. 4A) . In previous work, it has been difficult to interpret the phasing of the ankle muscles relative to imposed movements of the hip, because there is steady activation of the plantarflexors, with some modulation of the TA (Onushko and Schmit 2007) . In cases with discernible phasic activity of the TA, the activity usually accompanied hip extension. The present study is consistent with this observation in that the opposite movement (hip flexion) increased activity in MG during vibration. From previous work (Onushko and Schmit 2007 ), it appears that there are generalized multijoint groupings: 1) hip flexion, knee extension, ankle plantarflexion and 2) hip extension, knee flexion, ankle dorsiflexion. These couplings do not appear to coincide with a grouping that might be useful for functional movements, such as coupling of flexors and coupling of extensors for walking. The results from the present study might contribute to post-SCI walking dysfunction.
A common gait impairment observed in patients with spasticity is reflex coupling of hip flexor and knee extensor muscle activity, which is often termed "spastic stiff-legged gait." During late stance, when the hip is extended, exaggerated knee extension activity often occurs with hip flexor activity. Abnormal coupling of the knee extensor muscles impairs gait in these individuals by decreasing the knee flexion velocity at toe-off (Goldberg et al. 2003; Lewek et al. 2007 ). Extension of the hip produces prolonged reflex activity in the hip flexors and knee extensors under passive movements in SCI (Schmit and Benz 2002; Steldt and Schmit 2004 ) and during volitional movements in people with stroke (Lewek et al. 2006 (Lewek et al. , 2007 . In the present study, there was a coupling of hip flexion with knee extension and patellar tendon tap responses were elevated during hip extension, which could contribute to the abnormal coupling between hip flexors and knee extensors in stiff-legged gait. Active knee extension torques in NI subjects were smaller during patellar tendon percussion (during both flexion and extension) than the torque during the control condition, suggesting that the coupling is related to the neural injury. Thus the multijoint spasms produced by hip movement likely reflect a coupling of muscle groups that might have detrimental effects on functional movements both directly and through the modulation of knee and ankle stretch reflexes.
Experimental limitations. Interpretation of the data from these experiments must be considered in the context of the experimental paradigm. In particular, the results are dependent on sensory feedback from the leg braces due to subject posi-tioning, the ongoing movement perturbations, and the reciprocal phasing of the movement. Subjects in the present study were positioned supine for the purposes of comfort and safety. To help limit afferent input due to position, we placed foam pads wherever the brace/straps contacted the skin to minimize pressure points that might develop during the movements and to fill any gaps between the leg and brace/strap. This kept the subject's legs snugly strapped within the braces and helped decrease any movement of the subject's leg within the brace during the hip oscillations. However, the pressure inputs from the apparatus differed from other studies. The data in the present study were also obtained during an ongoing cyclical movement of the legs, and thus the responses during one phase of movement might include an anticipation of the subsequent phase of movement [i.e., "successive induction" (Sherrington 1907) ]. Consequently, the results might differ from experimental results obtained in static posture, although hip positiondependent modulation of reflexes also has been reported (Knikou et al. 2006) . Another important factor in the responses to movement is the position and movement of the contralateral leg. In a previous study, we observed effects of the contralateral limb on the response to hip oscillation (Onushko and Schmit 2007) . Similarly, crossed spinal reflexes have been documented in acute spinal cats (Grillner and Rossignol 1978b; Rossignol and Gauthier 1980) . Thus specific reflex responses might depend on the overall movement pattern of both limbs. While the importance of hip afferents in modulating reflex responses of the other joints of the legs is apparent in the present study, additional experimental variables would need to be tested to determine all of the nuances in the regulation of leg reflexes.
